We have studied ferromagnetism of Mn-implanted epitaxial Ge films on silicon. The Ge films were grown by ultra high vacuum chemical vapor deposition using a mixture of germane (GeH 4 ) and methylgermane (CH 3 GeH 3 ) gases with a carbon concentration less than 1at%, and observed surface rms roughness of about 0.5 nm, as measured by atomic force microscopy.
INTRODUCTION
Over the last two decades, pioneering research has been performed on dilute magnetic semiconductors (DMS). As a result we now have two systems of transition metal doped III-V based dilute magnetic semiconductors, (Ga,Mn)As and (In,Mn)As. The origin of magnetism in these materials is now fairly well understood as carrier-mediated ferromagnetism [1] . Because of the development of these new materials, many groups have been investigating their use for spintronic devices.
Epitaxial (Ga,Mn)As layers grown by molecular beam epitaxy (MBE) have shown ferromagnetism for Mn concentrations as low as 1% to about 12%. The Curie temperature of this material system is found to be a linear function of the effective Mn concentration from as low as about 10 K to about 180 K [1] . Structural analysis of (Ga,Mn)As shows that the Mn ions can occupy two sites within the GaAs lattice. The majority of Mn atoms substitute Ga sites and other Mn atoms are at interstitial sites. The Mn Ga atoms have a total angular momentum of S=5/2 and act as shallow acceptors. The Mn atoms at interstitial sites on the other hand act as double donors.
Ferromagnetism is observed when the impurity band merges with the valence band as then these impurity states become delocalized. At this Mn concentration level, the interaction between local Mn atoms is mediated by the holes in the valence band. Since this magnetic interaction is carrier mediated, it can be controlled by a number of different techniques such as gate voltage, doping, photo-excitation, and band structure engineering. It is this property that opens up the possibilities for many new technologies, including spintronics, current-induced magnetization reversal, quantum computation, etc [1] .
The main challenge with dilute magnetic semiconductor material thin films, including (III,Mn)V today, is that the Curie temperature is still well below room temperature. There is significant effort in trying to develop new DMS materials with a Curie temperature higher than room temperature. One promising material system is Mn-doped Ge because of its compatibility with Si processing. Theoretical studies show that Mn dopants will prefer to occupy substitutional sites in a crystalline Ge lattice [2] and one can optimize Mn doping by adding other codopants [3, 4] . Theoretical modeling also predicts enhanced magnetic properties and higher solubility of 3 Mn-doped amorphous Si and Ge systems [5] . There have been a number of reports on experimental studies of ferromagnetism of Mn-doped Ge systems [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , with some groups reporting Curie temperatures near room temperature for nanowires [19, 20] and above room temperature for nanocolumns [21] and quantum dots [22] .
Three different growth techniques have been employed to produce epitaxial Mn-doped Ge films: low temperature MBE [6] [7] [8] [9] [10] , ultrahigh vacuum thermal coevaporation [11] , and high energy Mn-ion implantation into single crystal Ge [12] [13] [14] [15] . High temperature furnace melting techniques have also been used to produce bulk Mn-doped Ge samples [16] [17] [18] . Besides all of these methods, chemical synthesis techniques have been used to grow Ge 1-x Mn x nanowires [19, 20] and MBE has been used to grow Mn-rich nanocolumns [21] and quantum dots [22] embedded in Mn-poor matrix. The nanowire, nanocolumn and quantum dot results suggest that there could be a possibility of developing Mn-doped Ge epitaxial films with Curie temperatures above room temperature. However, so far there are no reports on room temperature gate-bias controlled ferromagnetic material for continuous thin films.
A major problem in all these epitaxial and bulk Ge 1-x Mn x studies is the presence of different phases in those samples. For example, Sugahara et al. [9] have shown the presence of a Mn-rich amorphous phase in MBE grown crystalline epitaxial films and they also have claimed that the amorphous phase is responsible for ferromagnetism in MBE grown Ge 1-x Mn x films. Amorphous Ge 1-x Mn x films, grown by ultra high vacuum thermal coevaporation, also show the presence of embedded nanocrystals [11] . Similarly, high temperature furnace melting techniques produce spatially inhomogeneous samples [17] . For high energy Mn-ion implanted Ge samples [12] , Ottaviano et al. have reported the presence of ferromagnetic Mn 5 Ge 3 nanoparticles [14] . Also for high energy Mn-ion implanted Ge samples [13] , transmission electron microscope (TEM) images clearly show presence of two distinct ion-implanted regions in as-implanted samples. These samples also show double hysteresis after annealing, indicating the presence of other phases in annealed samples [13] . For Ref. 15 samples as well, XRD data clearly show the presence of other Ge and Mn ferromagnetic phases. Moreover, none of these Mn-ion implanted studies have conclusively excluded the possibility of defect-induced ferromagnetism as the origin of ferromagnetic behavior [23, 24] . As a result, all these previous studies have not been able to clearly implanted Ge samples? In this paper we have tried to answer those basic questions by very carefully studying the properties of low energy Mn-ion implanted epitaxial Ge thin films, grown on Si (100) wafers. We have shown that there is no significant second phase of Ge and Mn present in our amorphous samples and while the amorphous Mn-doped Ge phase is ferromagnetic, the annealed crystalline Mn-doped Ge phase is paramagnetic.
We have also shown that Mn atoms in amorphous Mn-doped Ge phase have localized magnetic moments and those moments are ferromagnetically coupled with each other below the Curie temperature. Moreover, we report a basic magnetic phase diagram of amorphous Mn-doped Ge. We feel that this approach of Mn-doped epitaxial Ge films on Si wafers is attractive from the point of view that if spintronic devices are going to be used in concert with Si-based nanoelectronics, then there have to be schemes to integrate DMS on Si substrates.
II. EXPERIMENTAL DETAILS
The Ge layers were grown on (100) Si wafers in a custom-built cold wall ultra high vacuum chemical vapor deposition (UHV-CVD) system. A trace amount of C was introduced in Ge during the epitaxial growth process to facilitate 2-D growth of Ge directly on Si surface and also to reduce bulk extended defects in the epitaxial Ge layer [25] . A thin Si buffer layer was also grown on Si prior to Ge growth to improve the interface quality.
Disilane (Si 2 H 6 ), methyl-germane (CH 3 GeH 3 ) and germane (GeH 4 ) gases were used as the Si, C and Ge precursors, respectively. The methyl-germane precursor was a 10% mixture diluted in He, whereas GeH 4 was a 40% mixture with He. The starting substrates were n-type Si (100) wafers with resistivities of 1-10 Ω·cm.
Before inserting the substrates into the load-lock of the UHV-CVD system, the wafers were cleaned in a piranha solution followed by a 40:1 de-ionized H 2 O:HF dip for 40 seconds. The Si wafers were then immediately inserted into the load lock chamber, which was pumped down to below 10 -6 Torr, before transferring them into the process chamber. The process chamber base pressure before deposition was below 9 After ion implantation, the samples were cut into 6 mm 6 mm squares for magnetic property measurements, and 1 cm 1 cm squares for synchrotron grazing-incident x-ray diffraction (GI-XRD), x-ray absorption spectroscopy (XAS), x-ray photoelectron spectroscopy (XPS), x-ray magnetic circular dichroism (XMCD), and secondary ion mass spectrometry (SIMS) studies, and smaller samples were taken for transmission electron microscopy (TEM) analysis. Teflon tweezers were always used throughout the experiments in order to minimize spurious ferromagnetic impurity incorporation during sample handling [26] .
The smaller sample pieces were also cleaned by ultra-sonication in acetone for 2 minutes, followed by isopropyl alcohol (IPA) to remove all surface contaminants. Isochronal (90 seconds) and isothermal (at 300 o C) anneals were performed in an N 2 environment to study the structural changes in these ion implanted films.
Dynamic SIMS was used to determine Mn and O profiles for all four samples ( Figure 2 ). Actual total Mnimplant doses were calculated from Mn SIMS profiles and were found to be in good agreement with intended implant doses (values already mentioned). Also from these Mn SIMS profiles of sample A, B, C and D, it was found that approximate peak Mn concentrations in the implanted region are about 16at%, 12at%, 6at%, and 2at%, respectively and average Mn concentrations in the implanted region are 9. 
Magnetic Properties of Mn-implanted epitaxial Ge Thin Films
In-plane temperature dependent magnetic moment measurements were performed at 0.2 Tesla down to 5 K, using a superconducting quantum interference device (SQUID) magnetometer (Figure 3 ). Each magnetization curve is made up of magnetic field-cooled and zero-field-cooled data and a spin-glass phase was observed at very low temperatures. It was found that temperature dependent field-cooled and zero-field-cooled magnetic moments diverge below a certain temperature, which is defined as the spin-glass temperature. A spin-glass phase is expected because at these high Mn concentrations, many defects are present as well as possibly binary phases of Ge and Mn [27, 28] . Curie temperatures are estimated from these temperature-dependent magnetic moment measurements and it is defined as the temperature at which magnetic moment goes to zero. 
Structural Characterization of Mn-implanted epitaxial Ge Thin Films
In order to better understand the origin of the ferromagnetism in Mn-implanted epitaxial Ge (Ge:Mn) thin films, high resolution transmission electron microscopy (HR-TEM), XPS and GI-XRD studies were performed.
Cross-sectional HR-TEM images of as-implanted samples indicate that the ion-implanted region is amorphous, without any precipitation, above the end of implant range ( Figure 6 Annealing experiments were performed to monitor the evolution of Ge:Mn microstructure and its relation to magnetization and Curie temperature. Isothermal annealing of sample A at 300 o C shows that as the annealing time increases, saturation magnetization decreases, but Curie temperature remains the same, as shown in Figure   8 . Moreover, the normalized temperature-dependent magnetization plots of as-implanted and annealed (for different times) samples superimpose on each other (Figure 8 (inset) ). These results suggest that the phase, which is responsible for ferromagnetism in Ge:Mn, is not changing but its amount (per unit sample volume) decreases with increasing isothermal annealing time. Furthermore, the sample annealed at 600 o C for 90 seconds recrystallizes completely and becomes paramagnetic. Figure 6 shows high resolution TEM and high resolution scanning transmission electron microscopy (HRSTEM) cross sections of an as-implanted film and one annealed at 600 o C for 90 seconds. It is clear from these cross-sectional TEM images that the as-implanted film shows an amorphous region above the end of implant range; whereas the annealed film shows a completely recrystallized implanted region as well as a thin region at the top of the film that contains oxygen as determined by photoemission electron microscopy (PEEM), data not shown. Therefore it seems that ferromagnetism is associated with the presence of an amorphous phase, rather than a crystalline phase. 
Synchrotron X-ray Studies of Mn-implanted Epitaxial Ge Thin Film
To further address the magnetism of the Mn sites, we performed XAS and XMCD measurements at beamline 6.3.1 at the Advanced Light Source (ALS) in Berkeley, CA and beamline 13-1 at the Stanford Synchrotron Radiation Lightsource (SSRL). Both beamlines provide circularly polarized soft x-rays in the range between 500 eV and 1500 eV. XAS and XMCD allow for studies of the magnetic properties of each element in a complex heterogeneous sample. Incoming x-ray photon initiates a transition of a core level electron, in this case Mn 2p, into an empty final state above the Fermi level, here the 3d levels. Since the photon energy at which such a transition occurs is specific for each element, one can probe the empty density-of-states (DOS) in an element-specific manner. Furthermore, by using circularly polarized x-rays only electrons with a particular spin are excited, which allows for a spin sensitive investigation of the empty DOS. In our setup, the x-ray absorption cross section is detected by monitoring the secondary electron yield while scanning the photon energy across the desired energy range in discrete steps. The sample is mounted between the yokes of an electromagnet so that the magnetization of the sample can be reversed for each data point. Two x-ray absorption spectra are obtained in this way, one with the sample magnetization parallel to the helicity of the incoming circularly polarized x-rays and one with the magnetization antiparallel to it. The difference between these two spectra is then referred to as XMCD spectrum and contains information about the magnetic moment of the particular atomic species [29, 30] .
There are several XAS and XMCD studies on Mn-doped Ge epitaxial films [31] [32] [33] . However the possible presence of secondary phases, including oxides, makes it typically difficult to figure out the intrinsic magnetic moments of Mn in amorphous phase from those studies. We have therefore taken extra precautions in order to minimize the effects of oxidation on our spectroscopy results. A small 1 inch square of sample A was loaded in a high vacuum chamber (with base pressure less than 10 -9 Torr) and then about 5 nm top layers were etched by 200 keV Ar-ion sputtering, immediately followed by in situ 2 nm Ta deposition to stop further oxidation. Figure   9 shows room temperature experimental Mn 2p XAS spectrum of Ta-capped sample A, calculated Mn 2+ and Mn 3+ spectra in spherical symmetry and calculated Mn 2+ spectrum in tetragonal symmetry. These spectra are calculated using CTM4XAS charge transfer multiplet program [34] . are ferromagnetically coupled with each other. This is expected for an ion-implanted sample, which has a near Gaussian distribution of Mn concentration, as evident from the SIMS profile (Fig. 2) . We think that Mn atoms at the tail of this distribution are not ferromagnetically coupled to each other, thus giving a lower than expected magnetization.
To address the temperature dependence of the magnetization in our samples, we measured XMCD spectra of sample A at different temperatures between 15K and 150K, as well as at room temperature. Since our detection method is surface sensitive, we performed our experiments on two different samples. One sample is referred to the as-implanted sample, while the surface of the etched sample was prepared by etching the top 5
nm. In the etched sample, the implantation layer is closer to the surface, thus yielding more information about deeper implantation layers. The Mn XMCD spectrum for the as-implanted sample obtained at 15 K is shown in the inset of Figure 10 , while the temperature dependence of the peak value of the Mn XMCD spectrum at the L 3 resonance just below 640eV is shown in Figure 10 . The maximum peak value of the XMCD spectrum can be used as a quantitative measure of how the Mn magnetization changes with temperature as long as the coordination around the Mn does not change with temperature [35] . For both samples the Mn XMCD decreases upon increasing the temperature and reaches a constant value at about 150 K. This remaining XMCD contribution does not change significantly above 150 K and can be attributed to the paramagnetic phase, while the increase in XMCD below 150 K is linked to the appearance of ferromagnetic order, as previously discussed.
The etched sample consistently shows a larger XMCD signal, since the effective Mn concentration observed in this sample is higher. Other than the increased XMCD signal, we do not find any differences in the x-ray absorption spectrum or XMCD spectrum between the two samples. The shape of the XMCD spectrum, as shown in the inset of Figure 10 , is typical for localized Mn moments [36] and does not depend on the preparation method of the surface. Altogether, the x-ray absorption spectra of Mn-doped Ge indicate that the Mn moments order ferromagnetically below 150 K and therefore this is not a defect-induced magnetic ordering [23, 24] . In comparison, the previous XMCD study on MBE grown epitaxial Ge 1-x Mn x does not show any remnant XMCD signal [32] .
IV. CONCLUSION
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